Background: Some, but not all, published results have shown an association between circulating blood levels of some insulin-like growth factors (IGFs) and their binding proteins (IGFBPs) and the subsequent risk for prostate cancer.
Data Synthesis:
The study included data on 3700 men with prostate cancer and 5200 control participants. On average, case patients were 61.5 years of age at blood collection and received a diagnosis of prostate cancer 5 years after blood collection. The greater the serum IGF-I concentration, the greater the subsequent risk for prostate cancer (odds ratio [OR] in the highest vs. lowest quintile, 1.38 [95% CI, 1.19 to 1.60]; P Ͻ 0.001 for trend). Neither IGF-II nor IGFBP-II concentrations were associated with prostate cancer risk, but statistical power was limited. Insulin-like growth factor I and IGFBP-III were correlated (r ϭ 0.58), and although IGFBP-III concentration seemed to be associated with prostate cancer risk, this was secondary to its association with IGF-I levels. Insulin-like growth factor I concentrations seemed to be more positively associated with low-grade than high-grade disease; otherwise, the association between IGFs and IGFBPs and prostate cancer risk had no statistically significant heterogeneity related to stage or grade of disease, time between blood collection and diagnosis, age and year of diagnosis, prostate-specific antigen level at recruitment, body mass index, smoking, or alcohol intake.
Limitations: Insulin-like growth factor concentrations were measured in only 1 sample for each participant, and the laboratory methods to measure IGFs differed in each study. Not all patients had disease stage or grade information, and the diagnosis of prostate cancer may differ among the studies.
Conclusion:
High circulating IGF-I concentrations are associated with a moderately increased risk for prostate cancer. 
P
rostate cancer is one of the most common types of cancer in men, yet few risk factors for the disease, other than age, race, and a family history, have been established (1, 2) . Insulin-like growth factors (IGFs) and their associated binding proteins (IGFBPs) have been the subject of many epidemiologic investigations of prostate cancer because they are known to help regulate cell proliferation, differentiation, and apoptosis (3) . Although results from some, but not all, studies suggest an association between IGFs and IGFBPs and prostate cancer risk, there has been much uncertainty about its consistency and magnitude. A previous meta-analysis that included only 3 prospective studies suggested that high levels could be associated with more than a 2-fold increase in risk (4) , although recent studies have suggested the risk is lower. Furthermore, given that these peptides are correlated with each other, uncertainty remains about any observed relationships. The individual studies are rarely large enough to allow proper mutual adjustment for these correlated factors, and they are insufficiently powered to investigate the consistency of their findings in key subgroups (for example, stage and grade of disease). Such analyses are important because studies have suggested that IGF-I might be more associated with advanced than with localized disease (5, 6) .
The Endogenous Hormones and Prostate Cancer Collaborative Group was established to conduct collaborative reanalyses of individual data from prospective studies on the relationships between circulating levels of sex hormones and IGFs and subsequent prostate cancer risk. Results for the sex hormones have been reported elsewhere and show no statistically significant relation between androgen or estrogen levels in men and the subsequent risk for prostate cancer (7) . We report results for concentrations of IGFs and IGFBPs.
METHODS

Participants
The Endogenous Hormones and Prostate Cancer Collaborative Group is described in detail elsewhere (7) . In brief, the group invited principal investigators of all studies, found by searching PubMed, Web of Science, and CancerLit, that provided data on circulating concentrations of sex steroids, IGFs or IGFBPs, and prostate cancer risk by using prospectively collected blood samples to join the collaboration. Thirteen studies collected data on circulating IGF concentrations and the subsequent risk for prostate cancer (5, 6, 8 -20) , of which 1 contributed only data on sex hormones (20) . Eleven of the studies used a matched case-control design nested within a prospective cohort study (5, 6, 8 -12, 16, 19) or a randomized trial (13) (14) (15) 17) . One study used a case-cohort design (18) and was converted into a matched case-control design by randomly matching up to 3 control participants to each case patient by age at recruitment, time between blood collection and diagnosis, time of blood draw, and race.
( Table 1 provides a full description of the studies and matching criteria used.) Most of the prospective studies were population-based, with the exception of 1 based on health plan members (9), 1 that recruited male health professionals (16) , and 1 that was a combination of an intervention study and a monitoring study for cardiovascular disease (6, 10) . Two of the randomized trials did not have prostate cancer as a primary end point (5, 8, 15) ; the other 2 were based within a screening trial (13) or were about treatment of prostate-specific antigen (PSA)-detected prostate cancer (14) .
Individual participant data were available for age; height; weight; smoking status; alcohol consumption; marital status; socioeconomic status (assessed by educational achievement); race; concentrations of IGFs, IGFBPs, and endogenous sex steroids; and PSA level. Information sought about prostate cancer included date of diagnosis, stage and grade of disease, and method of case patient ascertainment.
Some studies (5, 6, 8, 10, 16 ) published more than 1 article or performed assays at different times on the association between IGFs and prostate cancer risk, sometimes with different matched case-control sets, laboratory measurements, and durations of follow-up. For each study, we created a single data set in which each participant appeared only once. In our analysis, we treated any participant who appeared in a study as both a control participant and a case patient as a case patient only. We removed matched set identifiers, and we generated a series of strata (equivalent to matched sets) in which participants in each study were grouped according to age at recruitment (2-year age bands) and date of recruitment (by year), because these matching criteria were common to most studies ( Table 1) . The number of strata used in the collaborative analysis was slightly less than that of matched sets used in the original analyses. To ensure that this process did not introduce any bias, we checked that the results for each study, using the original matched sets, were the same as those using the strata described above.
Tumors were classified as advanced if the tumor was described as extending beyond the prostate capsule (T3/ T4), and/or there was lymph node involvement (N1/N2/ N3), and/or there were distant metastases (M1); tumors were classified as localized if they were T0/T1/T2 and N0/NX and M0. We classified tumors as high-grade if they had a Gleason score of 7 or more or were moderately poorly or poorly differentiated; otherwise, they were classified as low-grade.
Statistical Analysis
We calculated partial correlation coefficients between log-transformed IGF and IGFBP concentrations among control participants, adjusted for age at blood collection (Ͻ50, 50 to 59, 60 to 69, or Ն70 years) and study. For each IGF and IGFBP, we categorized men into quintiles of IGF and IGFBP serum concentrations, with cut-points defined by the study-specific quintiles of the distribution within control participants. For studies with more than 1 publication or in which the serum assays were done at different times, resulting in different absolute levels of IGFs (5, 6, 8, 10, 16) , we calculated cut-points separately for each substudy. We used a conditional logistic regression stratified by study, age at recruitment (2-year age bands), All results are unadjusted for participant characteristics, except for those controlled by the stratification variables. We examined the possible influence of 5 participant characteristics by adjusting the relevant conditional logistic regression models for body mass index (BMI) (Ͻ22.5, 22.5 to 24.9, 25.0 to 27.4, 27.5 to 29.9, or Ͼ30 kg/m 2 ), marital status (married or cohabiting, or not married or cohabiting), educational status (did not attend college or university, or attended college or university), smoking (never, previous, or current), and alcohol consumption (Ͻ10 or Ն10 g/d). We excluded participants from the analysis if they had a missing value for the characteristic under examination.
We assessed heterogeneity in linear trends among studies by using a chi-square statistic to test whether the study-specific ORs were statistically different from the overall OR (21) . Heterogeneity among studies was also quantified by calculating the H and I 2 statistics (22) . To test whether the linear trend OR estimates for each IGF and IGFBP varied according to case patient characteristics, we estimated a series of subsets for each characteristic: stage at diagnosis (localized or advanced), grade at diagnosis (low or high), year of diagnosis (before 1990, 1990 to 1994, or 1995 onward; these year cutoffs were chosen to attempt to reflect differences in the use of the PSA test for cancer detection), age at diagnosis (Ͻ60, 60 to 69, or Ն70 years), and time between blood collection and diagnosis (Ͻ3, 3 to 6, or Ն7 years). We excluded case patients from the analyses of stage and grade at diagnosis if the relevant information was not available. For each of these case patient characteristics, we calculated a heterogeneity chisquare statistic to assess whether the estimated ORs statistically differed from each other (21) . To assess whether the OR estimate of the linear trend for each IGF or IGFBP varied according to PSA level at recruitment (Ͻ2 g/L or Ն2 g/L), we entered an interaction term into the conditional logistic regression model for each IGF or IGFBP, and we tested the statistical significance of the interaction term with a likelihood ratio test.
Statistical significance was set at the 5% level. All statistical tests were 2-sided. All statistical analyses were done with Stata, version 9.0 (StataCorp, College Station, Texas). Table 1 shows the characteristics of the studies. The 12 prospective studies included approximately 3700 case patients with prostate cancer and 5200 control participants. Insulin-like growth factor I and IGFBP-III measurements were available for all and 3600 case patients, respectively. However, IGF-II and IGFBP-II measurements were available for only 379 and 419 case patients, respectively ( Table 2) . Mean age at blood collection was 61.5 years (range, 55 to 73 years). Data on race were available for most studies; however, we did not explore associations by race because more than 95% of participants were white. The median concentration of IGF-I was higher in case patients than in control participants in 9 of 12 studies; the See Table 1 for expansion of study names. IGF ϭ insulin-like growth factor; IGFBP ϭ insulin-like growth factor binding protein; NA ϭ not available. * Data are expressed as values in case patients/control participants. The numbers of case patients and control participants are the maximum numbers for whom hormone measurements were available, and numbers varied by hormone.
RESULTS
picture is less clear for IGFBP-III, and 5 of 11 studies showed lower concentrations in case patients than in control participants ( Table 2) . Insulin-like growth factor II and IGFBP-II concentrations were similar between case patients and control participants. On average, case patients received a diagnosis 5 years after their blood was drawn, were age 67 years at diagnosis, and received the diagnosis after 1995 (Table 3) . When data were available, most case patients had localized disease (range across studies, 70% to 80%) and most were low-grade lesions (range across studies, 60% to 80%). Insulin-like growth factor I and IGF-II concentrations were correlated with each other (r ϭ 0.39), but both were more strongly correlated with IGFBP-III (r ϭ 0.58 and 0.51, respectively); IGFBP-II was weakly correlated with other components of the IGF system. The IGF or IGFBP concentrations and PSA levels, however, had no statistically significant correlations. We found no correlations between IGFs or IGFBPs and endogenous sex hormone concentrations; however, sex hormone-binding globulin was correlated with IGF-I, IGF-II, IGFBP-II, and IGFBP-III (r ϭ Ϫ0.12, Ϫ0.19, 0.39, and Ϫ0.28, respectively). Figure 1 shows that the higher the concentration of IGF-I, the greater the risk for prostate cancer: The OR in the highest versus lowest quintile was 1.38 (95% CI, 1.19 to 1.60), with a highly statistically significant trend (P Ͻ 0.001 for trend). This result is based on 3299 case patients and 4436 control participants from 12 studies with no statistically significant heterogeneity in the findings among studies (Figure 2) . Restricting the analysis to populationbased cohort studies did not materially change the results (data not shown). Neither IGF-II nor IGFBP-II was associated with prostate cancer risk (Figure 1) , and no statistically significant heterogeneity was seen among studies (Appendix Figures 1 and 2 , available at www.annals.org), although not all studies measured these factors and statistical power was limited. Insulin-like growth factor binding protein III concentration was associated with prostate cancer risk with the OR in the highest versus lowest quintile of 1.23 (CI, 1.06 to 1.43). The test for linear trend was sta- tistically significant (P ϭ 0.009 for trend), but this was mainly because of the difference between the lowest and all other quintiles, because there seemed to be little difference between the second lowest and the other quintiles (Figure 1) . Statistically significant heterogeneity was observed across studies for IGFBP-III (P ϭ 0.044 for heterogeneity) (Figure 3) , with 47% of the variation due to heterogeneity. Adjustment of the results for IGF-I by IGFBP-III and vice versa resulted in the findings for IGF-I remaining highly statistically significant. The OR for linear trend in IGF-I concentration was 1.42 (CI, 1.24 to 1.63; P Ͻ 0.001 for trend) before and 1.42 (CI, 1.21 to 1.68; P Ͻ 0.001 for trend) after adjustment for IGFBP-III. In contrast, the OR for linear trend in IGFBP-III concentration was 1.19 (CI, 1.04 to 1.37; P ϭ 0.010 for trend) before and 0.98 (CI, 0.83 to 1.15; P ϭ 0.79 for trend) after adjustment for IGF-I concentration.
To further explore the joint relationship among IGF-I, IGFBP-III, and prostate cancer risk, within each study we calculated the residuals from a linear regression of IGF-I on IGFBP-III-this new variable being an estimate of IGF-I adjusted for IGFBP-III-and categorized it into quintiles. We calculated the residuals from linear regression of IGFBP-III on IGF-I in a similar way. By using this alternative method, the association between IGF-I adjusted for IGFBP-III was statistically significantly related to prostate cancer risk, with an OR of 1.25 (CI, 1.08 to 1.46; P ϭ 0.002 for trend) for the highest versus lowest quintile. However, IGFBP-III adjusted for IGF-I by this method was not related to risk, with an OR of 1.09 (CI, 0.93 to 1.26; P ϭ 0.36 for trend) for the highest versus lowest quintile. It would thus seem that the results for IGFBP-III are indirect because of its association with IGF-I.
Adjustment of the results for IGF-I by levels of testosterone, free testosterone, estradiol, free estradiol, and sex hormone-binding globulin (in the subset of 8 studies that measured them) made no material difference to the estimated ORs for IGF-I, nor did it change the statistical significance of the relationship between IGF-I and prostate cancer risk (data not shown). The unadjusted estimates of association between IGF and IGFBP and prostate cancer risk were similar to those adjusted for patient characteris- 
tics (BMI, marital status, educational status, smoking, and usual alcohol consumption [data not shown]).
The association between IGF-I and prostate cancer risk had no statistically significant heterogeneity by patient characteristics (PSA level at blood collection, BMI, smoking habits, alcohol consumption, or family history of prostate cancer), age at diagnosis, year of diagnosis, time between blood collection and diagnosis, or tumor stage. The only statistically significant difference was for grade of disease (P ϭ 0.027 for heterogeneity) (Figure 4) . The OR for the linear trend in IGF-I was 1.57 (CI, 1.32 to 1.87) for low-grade disease and 1.12 (CI, 0.87 to 1.43) for highgrade disease; however, given the number of statistical tests, this could be due to chance. Analyses jointly classifying tumors by both stage and grade did not provide evidence of additional heterogeneity in risk for any of the subgroups compared with the differences seen in analyses of stage and grade reported above (results not shown). The association of any other IGF components with prostate cancer risk had no statistically significant heterogeneity according to any of the subgroups considered (Appendix Figures 3, 4 , and 5, available at www.annals.org). Subgroup results remained unchanged after adjustment for potential confounding variables, including BMI (data not shown).
DISCUSSION
This collaborative analysis of individual data from 12 studies found that increasing levels of circulating IGF-I were statistically significantly associated with a moderately increased risk for subsequent prostate cancer. Insulin-like growth factor binding protein III concentrations were also associated with an increased risk, but IGFBP-III is correlated with IGF-I, and the association was no longer evident after adjustment for IGF-I. Neither IGF-II nor IGFBP-II was associated with risk for prostate cancer, although these analyses were based on much less information than that for IGF-I and IG-FBP-III. Further adjustment for potential confounding variables made little difference to any of the risk estimates. The association of serum IGF-I levels was somewhat stronger for low-grade than high-grade cancer, but this could be due to chance.
This collaborative analysis includes information from 12 of the 13 prospective studies that published information on IGFs, IGFBPs, and prostate cancer. The only study that we did not include had 100 case patients with prostate cancer (20) and reported no association between IGF-I or IGFBP-III levels and prostate cancer risk. We also include further unpublished data from the Health Professionals Follow-up Study. After the database was closed for analy- For expansion of study names, see Table 1 . * All odds ratios (ORs) are unadjusted except for factors controlled for by stratification (study, age, and year of recruitment). The OR is the estimate of the linear trend for insulin-like growth factor I obtained by replacing the categorical variable with a variable that was scored as 0, 0.25, 0.5, 0.75, and 1. The position of each square indicates the magnitude of the OR, and the area of the square is proportional to the amount of statistical information available (inverse of the variance of the logarithm of the OR). The horizontal line indicates the 95% CI. The dashed line represents the all-studies OR. † Heterogeneity between studies was assessed by using the chi-square statistic, which tested whether the study-specific results statistically significantly differed from the overall result. The P value for statistical significance of the chi-square statistic is 2-sided. Heterogeneity was also quantified by using the H and I 2 statistics. (25) , and 1 reported an association of a similar magnitude to our collaboration (24) . Including these additional studies in the collaboration would not have materially changed our results, and our findings therefore provide a reliable summary of the totality of the evidence on the association between IGF and IGFBP levels and prostate cancer risk. The increase in prostate cancer risk associated with serum IGF-I concentration is thought to be related to the mitogenic and antiapoptotic effects of IGF-I (3, 26 -28) . The overall bioactivity of IGF-I is the result of a series of complex interactions among IGF-I, its binding proteins, and their cellular receptors. More than 90% of circulating IGF-I is bound to IGFBP-III and an acid-labile subunit, which cannot transfer from the circulation to the target tissues. A decrease in circulating levels of IGFBP-III has been suggested to result in a relative increase in bioactive IGF-I. Thus, a decreased IGFBP-III concentration might perhaps be expected to be associated with an increased risk for prostate cancer. However, recent in vitro experiments have shown that IGFBP-III can modulate the effects of IGF-I and, under some conditions, enhance the proliferative effects of IGFs (28, 29) .
Our study showed a modest correlation between IGF-I and IGFBP-III levels, reflecting the fact that growth hormone largely controls synthesis of both peptides and IGF-I is bound and stabilized by IGFBP-III. After mutual adjustment, the increased risk between IGF-I and prostate cancer remained, whereas the association with IGFBP-III was attenuated. This suggests that the association of IGFBP-III with prostate cancer risk is secondary to the association with IGF-I. In addition, the association of IGFBP-III and prostate cancer risk had statistically significant heterogeneity among studies, which may reflect differences in the assays used by different studies (Appendix Table 1 , available at www.annals.org, shows detailed descriptions of laboratory methods). It has been suggested that different assays may have different specificities for the intact and the nonintact, proteolytically cleaved forms of IGFBP-III; furthermore, specificities may have changed over time owing to recalibration, making comparisons among methods (and hence studies) difficult to interpret (30) .
No obvious biological mechanism can explain the apparent stronger association of IGF-I with low-grade than high-grade disease, and this may be a chance finding. The distinction between low-versus high-grade cancer is unlikely to represent 2 distinct types of disease, and prostate cancer grading has varied considerably over time, making interpretation of this finding difficult (31) . Studies with For expansion of study names, see Table 1 . * All odds ratios (ORs) are unadjusted except for factors controlled for by stratification (study, age, and year of recruitment). The OR is the estimate of the linear trend for insulin-like growth factor binding protein III obtained by replacing the categorical variable with a variable that was scored as 0, 0.25, 0.5, 0.75, and 1. The position of each square indicates the magnitude of the OR, and the area of the square is proportional to the amount of statistical information available (inverse of the variance of the logarithm of the OR). The horizontal line indicates the 95% CI. The dashed line represents the all-studies OR. † Heterogeneity between studies was assessed by using the chi-square statistic, which tested whether the study-specific results statistically significantly differed from the overall result. The P value for statistical significance of the chi-square statistic is 2-sided. Heterogeneity was also quantified by using the H and I 2 statistics.
uniform procedures for grading cancer are needed to investigate this finding further. We found no evidence that high circulating levels of IGF-II or IGFBP-II are related to an increased risk for prostate cancer, although with few case patients, statistical power was limited (we had approximately 80% power to detect an OR of 1.7).
Detection of localized prostate cancer has increased * All odds ratios (ORs) are unadjusted except for factors controlled for by stratification (study, age, and year of recruitment). The OR is the estimate of the linear trend for insulin-like growth factor I obtained by replacing the categorical variable with a variable that was scored as 0, 0.25, 0.5, 0.75, and 1. The position of each square indicates the magnitude of the OR, and the area of the square is proportional to the amount of statistical information available (inverse of the variance of the logarithm of the OR). The horizontal line indicates the 95% CI. The dashed line represents the all-studies OR. † P value from a chi-square test for heterogeneity to assess whether the OR estimates for each characteristic differ from each other.
substantially since the introduction of the PSA test in the late 1980s (32) . The mix of a growing proportion of early, localized cancers with a decreasing number of advanced cancers can lead to difficulty in the interpretation of studies, particularly because some early-stage PSA-detected cancers never progress to clinical disease (33) . The lead time associated with PSA testing (number of years earlier the tumor is detected by testing) has been estimated to be as high as 12 years in men age 55 years (34) . We did not have detailed information on each participant's PSA screening history or on which of the tumors were PSA detected. However, the lack of any detectable heterogeneity in risk estimates, according to tumor characteristics, suggests that the introduction of PSA testing and differences in its use in various populations are unlikely to have unduly influenced the associations. Our study has several limitations. The analysis relies on measurement of IGF in only 1 sample at 1 time point. These single measures provide an imperfect estimate of a man's usual hormonal status and are influenced both by within-person errors and analytic errors. However, because both types of error are likely to lead to attenuation of the relationship between IGF concentration and risk, this would imply that the true association between IGF-I and prostate cancer risk may be greater. Although a single IGF measurement has been shown to reliably reflect average exposure over a few years (16) , whether it also adequately reflects lifetime exposure is unknown. Insulin-like growth factors play a major role in growth during childhood (35) , and circulating IGF concentration during this period could also be an important exposure window for subsequent prostate cancer development.
A further limitation is that many of the studies did not record information on the clinical diagnosis of cancer, such as basis of diagnosis, biopsy protocol, or staging criteria, or on how these may have changed over time. However, with no evidence of heterogeneity among studies and stability in the estimates with year of diagnosis, such differences are unlikely to have had a major influence on the results. Furthermore, some of the studies were based within randomized trials, and the participants may therefore have benefited from closer investigation and clinical follow-up. However, after excluding these studies, we obtained essentially the same results. Finally, the IGF levels vary among studies, which may be mostly due to differences in assay methods (Appendix Table 1 , available at www.annals.org). Our method of analysis allows for this by defining study quintiles of hormone concentration and pooling study specific estimates of ORs. This method assumes that the quintiles are similar among studies, and if this assumption is not true, estimates of the OR may be biased. However, because heterogeneity was not evident among studies and the distributions of IGF-I concentration were not expected to differ greatly among the men in the different studies, this assumption seems reasonable.
In For expansion of study names, see Table 1 . * All odds ratios (ORs) are unadjusted except for factors controlled for by stratification (study, age, and year of recruitment). The OR is the estimate of the linear trend for insulin-like growth factor II obtained by replacing the categorical variable with a variable that was scored as 0, 0.25, 0.5, 0.75, and 1. The position of each square indicates the magnitude of the OR, and the area of the square is proportional to the amount of statistical information available (inverse of the variance of the logarithm of the OR). The horizontal line indicates the 95% CI. The dashed line represents the all-studies OR. † Heterogeneity among studies was assessed by using a chi-square statistic that tested whether the study-specific results statistically significantly differed from the overall result. The P value for statistical significance of the chi-square statistic is 2-sided. Heterogeneity was also quantified by using the H and For expansion of study names, see Table 1 . * All odds ratios (ORs) are unadjusted except for factors controlled for by stratification (study, age, and year of recruitment). The OR is the estimate of the linear trend for insulin-like growth factor binding protein II obtained by replacing the categorical variable with a variable that was scored as 0, 0.25, 0.5, 0.75, and 1. The position of each square indicates the magnitude of the OR, and the area of the square is proportional to the amount of statistical information available (inverse of the variance of the logarithm of the OR). The horizontal line indicates the 95% CI. The dashed line represents the all-studies OR. † Heterogeneity among studies was assessed by using a chi-square statistic that tested whether the study-specific results statistically significantly differed from the overall result. The P value for statistical significance of the chi-square statistic is 2-sided. Heterogeneity was also quantified by using the H and I 2 statistics. † P value from a chi-square test for heterogeneity to assess whether the OR estimates for each characteristic differed from each other.
